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grasslands might be affected by anthropogenic N and phosphorus (P) inputs, but the
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Methods:

We evaluated symbiotic N 2 fixation in 17 grasslands on four continents that are
subjected to the same full-factorial N and P addition experiment, using the 15 N
natural abundance method.

Results:

N as well as combined N and P (NP) addition reduced legume biomass by 65% and
45%, respectively, compared to the control, whereas P addition had no significant
impact. Element addition had no significant effect on the symbiotic N 2 fixation per
unit legume biomass. In consequence, the amount of N fixed annually per grassland
area was less than half in the N addition treatments compared to control and P
addition, irrespective of whether the dominant legumes were annuals or perennials.
Conclusion:

Our results reveal that N addition mainly impacts symbiotic N 2 fixation via reduced
biomass of legumes rather than changes in N 2 fixation per unit legume biomass. The
results show that soil N enrichment by anthropogenic activities significantly reduces N
2 fixation in the world’s grasslands, and these effects cannot be reversed by additional
P amendment.
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To
Plant and Soil

Editorial Board

Dear Editor,
On behalf of all authors, | send you a manuscript titled:

Nitrogen but not phosphorus addition affects symbiotic N fixation in
grasslands located on four continents

, for possible publication in Plant and Soil.

The main scientific question addressed by the study is how soil nitrogen (N) and phosphorus (P)
enrichment affect the symbiotic N, fixation rate of legumes in grasslands on four continents. Up
to now, no study has systematically explored how this affects symbiotic N; fixation in grasslands

on different continents using a global experiment, as we do in this study.

This study shows that N addition mainly impacts symbiotic N, fixation via reduced biomass of
legumes rather than changes in N, fixation per unit legume biomass. Further, the effect of N
inputs cannot be alleviated by P inputs, irrespective of whether the grasslands are dominated

by annual or perennial legumes.
We are looking forward to hearing from you on this manuscript.

Yours sincerely,

Eduardo Vazquez
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Abstract

Background and aims:

The amount of nitrogen (N) derived from symbiotic N, fixation by legumes in grasslands might be
affected by anthropogenic N and phosphorus (P) inputs, but the underlying mechanisms are not

known.

Methods:

We evaluated symbiotic N; fixation in 17 grasslands on four continents that are subjected to the same

full-factorial N and P addition experiment, using the >N natural abundance method.

Results:

N as well as combined N and P (NP) addition reduced legume biomass by 65% and 45%, respectively,
compared to the control, whereas P addition had no significant impact. Element addition had no
significant effect on the symbiotic N; fixation per unit legume biomass. In consequence, the amount of
N fixed annually per grassland area was less than half in the N addition treatments compared to control

and P addition, irrespective of whether the dominant legumes were annuals or perennials.

Conclusion:

Our results reveal that N addition mainly impacts symbiotic N; fixation via reduced biomass of legumes
rather than changes in N; fixation per unit legume biomass. The results show that soil N enrichment
by anthropogenic activities significantly reduces N; fixation in the world’s grasslands, and these effects

cannot be reversed by additional P amendment.

Keywords

Grasslands; Legumes; Nitrogen addition; Nutrient Network (NutNet); Phosphorus addition; *N

natural abundance method.
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1. Introduction

Grasslands cover approximately 40% of the terrestrial ice-free surface of the Earth and provide diverse
ecosystem services including climate regulation, plant diversity maintenance and support for
pollinators while contributing to human nutrition (Lamarque et al. 2011). In particular, legumes are
one of the key plant functional groups in grasslands for their capacity to increase the nitrogen (N)
availability by symbiotic N,-fixation, which, in turn, enhances the grassland net primary productivity,
mitigates environmental pollution, and increases forage quality and productivity, critical for livestock
production (Llscher et al. 2014; Suter et al. 2015). However, anthropogenic N inputs (in the form of
fertilizers, manure, and atmospheric deposition) are changing the supply of N relative to phosphorus
(P) in grasslands (Pefiuelas et al. 2013) which can affect the symbiotic N, fixation by legumes (Hggh-
Jensen et al. 2002; Carlsson and Huss-Danell 2003; Stevens et al. 2004; Craine and Jackson 2010). N
and P availability can affect symbiotic N, fixation by changing the legume biomass production in
grasslands and the contribution of N derived from symbiotic N, fixation to the total N content of
legumes (proportion of legume N derived from atmosphere, %Ndfa) (Hggh-Jensen et al. 2002; Carlsson
and Huss-Danell 2003; Nyfeler et al. 2011; Peoples et al. 2012). Therefore, understanding the effects
of N and P inputs on symbiotic N, fixation by legumes is crucial to maintain grassland biodiversity and

functionality.

Nitrogen inputs can affect the legume biomass production and the %Ndfa and thus, symbiotic N,
fixation by legumes in grasslands (West et al. 2005; Nyfeler et al. 2011; Peoples et al. 2012; Oberson
et al. 2013). The %Ndfa often declines with availability of both ammonium and nitrate in soil (Leidi and
Rodriguez-Navarro 2000; Peoples et al. 2012), because symbiotic N; fixation is energetically expensive,
and legumes take up reactive N, if available. In addition, grasses and non-leguminous forbs often
displace legumes at high N availability due to their higher competitiveness for light (Soussana and
Tallec 2010; Tognetti et al. 2021). Thus, anthropogenic N inputs to grasslands, can lead to decreased

N, fixation by legumes affecting the grassland functioning.
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Symbiotic N fixation by legumes in grasslands can also be influenced by P inputs (Hggh-Jensen et al.
2002; Edwards et al. 2006). Low soil P levels reduce the activity of N,-fixing legume-associated bacteria
(Edwards et al. 2006) due to the high ATP requirements of N, fixation (Valentine et al. 2017). At the
plant level, long-term P deprivation decreases nodular P concentration and reduces the energy status
of the nodules and their capacity to assimilate N,, shifting the source of legume N nutrition from
atmospheric N; fixation towards uptake of reactive soil N (Valentine et al. 2017). Low P availability
could reduce the rate of N; fixation per unit legume biomass, removing the advantage that legumes
might have over non-N,-fixing plants in N-poor conditions and reducing legume biomass production
(Edwards et al. 2006). Thus, it can be expected that P addition increases legume biomass production
and symbiotic N; fixation. Furthermore, it has been observed that simultaneous additions of N and P
(NP) can offset the negative effect of N addition on N; fixation resulting in higher symbiotic N, fixation
compared to only N addition in tropical leguminous trees (Zheng et al. 2016). However, a recent study
revealed that P addition enhances legume abundance in grasslands but does not mitigate the negative
N effect when both elements are added simultaneously (Tognetti et al. 2021). Nevertheless, the extent

to which the NP addition affects the N, fixation rates in grasslands remains to be studied.

Most studies on the effect of N and P addition on N fixation in grasslands differ in experimental design,
climate, soil type, element addition rate, type of fertilizer used, and sampling procedure which leads
to biases and uncertainties hampering our understanding of the main drivers of symbiotic N; fixation
at the global scale (Zheng et al. 2019). Therefore, a standardized and globally replicated experiment is
needed to gain insight into N, fixation. Recent work using a standardized and globally replicated
experiment has shown that legume biomass production declines with N addition (Tognetti et al. 2021),

but the extent to which element addition affects symbiotic N, fixation rates was not evaluated.

Here, we use a standardized evaluation of symbiotic N, fixation in a globally coordinated grassland
experiment, replicated at sites spanning a wide range of climatic and edaphic characteristics, to shed
light on the response of symbiotic N, fixation in grasslands to N and P inputs. To evaluate the influence

5
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of single and combined N and P additions under various environmental conditions, we studied
symbiotic N; fixation in 17 grassland sites on four continents that are part of the Nutrient Network

project (NutNet, https://nutnet.org) (Borer et al. 2014, 2017). At each of the 17 study sites, the

following four treatments were replicated three times: N addition, P addition, N and P addition, and a
control without element addition. We determined symbiotic N, fixation based on the natural
abundance of N in plant biomass. This approach relies on the distinct isotopic N signature of
atmospheric N, and reactive soil N, which affects the plant N isotopic signature, depending on the
source from which plants take up N (Amarger et al. 1979; Hoegberg 1997). We hypothesized that (i)
N addition leads to a reduction in symbiotic N, fixation since it decreases legume biomass and N,
fixation per unit legume biomass, (ii) P addition enhances symbiotic N, fixation by increasing legume
biomass and N; fixation per unit legume biomass, and (iii) the combined application of N and P
increases N, fixation because it offsets the N-induced P deficiency caused by N application. Our study
goes far beyond the study by Tognetti et al. (2021) who only investigated legume biomass because it

explores the N; fixation rate.

2. Material and methods
2.1. Study sites
The 17 study sites (Table 1, Figure S1) are part of the Nutrient Network Global Research Cooperative

(NutNet, https://nutnet.org) (Borer et al. 2014, 2017) and were selected according to the criterion that

legumes were recorded in a minimum of six out of the 12 experimental plots (Table S1). The selected
sites are distributed across four continents (Table 1, Figure S1) covering a wide range of climatic
conditions: Mean annual temperature (MAT) ranged between -3.1 and 27.3 °C and the mean annual
precipitation (MAP) from 243 to 1222 mm. Sites were located between 51 and 2320 m above sea level

(Table 1).

An identical experiment is replicated at each site with four treatments: control (Ctrl; no element

addition), N addition (N; 100 kg N halyras slow-release urea with §*°N close to 0%o (Choi et al. 2017)),
6
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P addition (P; 100 kg P ha'yr!as triple superphosphate (Ca(H,P04),.H,0)), and combined N and P
addition (NP). All treatments are replicated three times (n=3) at each site, and the experiments are
organized in a randomized block design with 25 m? plots (5 x 5 m). All sites follow the same protocol

and design (Borer et al. 2014).

The climatic data were derived from (Hijmans et al. 2005) based on the location of each site (Table 1).
Nitrogen deposition (as kg N ha™ yr!) was estimated based on the location of each site (longitude and
latitude) using the model output of Ackerman et al. (2019) for the year 2016 (Table 1). The soil
properties of the control treatment at the time of establishment of the experiment are summarized in

the Table S2. The methods used for soil analysis have been described in Seabloom et al. (2021).

2.2. Plant sampling
Aboveground biomass was sampled at the time of peak biomass using a standardized protocol (Borer
et al. 2014) between the years 2015 and 2020 (Table 1). Two 10 x 100 cm strips (covering area of 0.2
m?) of vegetation were clipped directly above the soil surface in a subplot of 1 x 1 m within each plot.
The clipped plant biomass was sorted into the three functional groups: grasses, non-leguminous forbs
and legumes, and oven-dried at 60°C to a constant mass prior to weighing. Hereafter, we will refer to
aboveground plant biomass as plant biomass. Representative subsamples of the biomass of the three
plant functional groups from all plots were sent to the University of Bayreuth (Germany) for further
analyses. The two most abundant grass, forb and legume species based on the cover estimates in the
control plots for each year of sampling at each site are shown in Table S3. In addition, the sites were
classified as grassland with perennial or annual legumes according to the life cycle (perennial or annual)

of the two most abundant legume species (Table S3).

2.3. Plant C, N and P concentration and stable isotopes determination (6°N)
In total, 490 dried plant samples were processed. Plant biomass of each functional group was cut with
scissors, homogenized and ground in a ball mill. The total C and N concentration and the isotopic

composition were analyzed using continuous-flow isotope ratio mass spectrometry (NA 1108
7



178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

elemental Analyzer, CE Instruments, Milano, Italy) coupled via ConFlo Ill open-split interface (Finnigan
MAT, Bremen, Germany) to a delta S isotope ratio mass spectrometer (Finnigan MAT, Bremen,
Germany) at the University of Bayreuth. The isotopic composition of N was expressed in 6 notation,
which represents the %o of variation compared to the international standard for natural **N abundance
measurements (atmospheric N isotope ratio). In addition, the total P concentration of plant biomass
was determined by ICP-OES (Vista-Pro radial, Varian, Aschaffenburg, Germany) after nitric acid

digestion.

2.4. Calculations
The proportion of legume N in aboveground biomass derived from the atmosphere (%Ndfa), via N2
fixation by legumes, was calculated following the approach described by Amarger et al. (1979) and

Hoegberg (1997) using equation 1:

Ndfa (%) = (515Nreference' 515Nlegume ) /(515Nreference' B) x 100 (Eq 1):

where 8% Nieference is the 8N of a non-fixing reference plant, 6®°Niegume is the 6°N of the legume
aboveground biomass (called legume 8N hereafter) in the evaluated plot, and B is the legume 8N
fully relying on atmospheric N, fixation which accounts for any internal isotopic fractionation of the
legume (Hoegberg 1997). We considered the mean of the 8'°N of the two non-fixing functional groups
(grasses and forbs) as the reference, which was calculated separately for each plot at each site (and is

called reference 6N hereafter).

We used the lowest legume 8N value of all plots at each site as the B value (Eq. 1), similar to previous
studies (Hansen and Vinther 2001; West et al. 2005; Roscher et al. 2011; Oberson et al. 2013). This
approach relies on the assumption that the legumes in the plot with the lowest legume 6N receive
100% of the N from symbiotic N, fixation. We used the lowest legume 6N from all four treatments

because the legume 8N was not significantly affected by element addition (see below in the Results
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section), similar to previous studies that considered different element addition treatments (Oberson

et al. 2013; Tzanakakis et al. 2017).

We consider the isotopic signature of the added N does not bias the estimation of %Ndfa since %Ndfa
is calculated based on the difference in the isotope signature of N in legume and reference of the same
plot growing in the same soil under the same conditions. Further, Eq. 1 calculates the difference of the
isotope signature of legume and reference not in absolute terms but relative to the difference between

the isotopic signature of the reference and the legume with the lowest §°N value at each site (B).

We detected a relative >’N-depletion in reference 8°N compared to legume 8%N (i.e., lower reference
5N than legume 8%N) at seven sites [Koffler (Canada), Hopland, Spindletop and Bunchgrass (USA),
Bad Lauchstddt and Bayreuth (Germany) and Val Mustair (Switzerland)] which challenged the
estimation of %Ndfa using Eg. 1 because it resulted in negative %Ndfa estimates. We observed a
decrease in reference 8N (mean of grasses and forbs) with increasing elevation of the study site
(r’=0.301, p=0.024, Figure S2), and no significant relationship between elevation and legume &8N
(p=0.337). This observation is consistent with previous studies, showing that §>°N of non-fixing plants
decreases with increasing elevation (Jacot et al. 2000; Craine and Lee 2003; Huber et al. 2007; Zhou et
al. 2016). We adjusted the reference 8N for the effect of elevation (elevation adj. 6®Nreference),
assuming that all sites would be located at an elevation of 0 m a.s.l., using the slope of the regression

line describing the relationship between the 8°N of the reference and elevation (see Figure S2), as:

Elevation adj. 6 Nreference (%0) = 8% Nreference (%0) — [-0.002 * Elevation (m)] (Eq. 2).

Next, Ndfa (%) was calculated based on the Elevation adj. 6" Neference as follows:

Ndfa (%) = (Elevation adj. 6> Nreference - 6°*Niegume) / (Elevation adj. 6 Nieference - B) X 100 (Eq. 3).

Further details about the elevation adjustment and %Ndfa calculation are presented as Supporting

Information.
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Legume N uptake was calculated based on the legume N concentration at peak biomass as:
Legume N uptake (mg N glyr?) = legume N concentration (mg N g) x yr? (Eq. 4).

N, fixation per legume biomass was calculated for the plots with legumes as:

N; fixation per legume biomass (mg N g™lyr?) = Lequme N uptake (mg N g™yr?) x Ndfa (%) x 0.01

(Eq. 5).

Symbiotic N; fixation per area grassland was calculated as follows:

N; fixation per area (g N m? yr) = lequme biomass (g m?) x N; fixation per lequme biomass (mg N g°

1ypl) (Eq. 6).

Symbiotic N, fixation per total grassland biomass (which grassland biomass being the sum of the

biomasses of all three functional groups) was calculated for all plots as:

N; fixation per total biomass (mg N g™ yr?) = N; fixation per area (g N m? yr?) x 1000 / total biomass

(g m?) (Eq. 7).

2.5. Calculation and statistics
We calculated means and standard errors of all four treatments across all 17 sites. If legumes were
absent in a plot, the legume N stock (in g ha) or legume N uptake of this plot was assumed to be zero.
If the legume biomass was zero, we assumed that symbiotic N, fixation per unit biomass or area was
also zero. When calculating the mean of the N or P concentration of the biomass of all three functional
groups, we considered only plots with biomass of the respective functional group. Similarly, when
calculating the mean of symbiotic N; fixation per legume biomass, only plots with legume biomass > 0
and valid %Ndfa were considered. In contrast, when calculating symbiotic N, fixation per unit area of
grassland or total grassland biomass, all plots with legumes and valid %Ndfa as well as plots without

legumes were considered.

10
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Data were analyzed using linear mixed models with the software SPSS 27 (IBM SPSS, Inc., Chicago,
USA). Before analysis, all variables except the 8*°N values (including both positive and negative values)
were log-transformed. The different element addition treatments (Ctrl, N, P, NP) and site- and plot-
level covariates were used as fixed factors, and block as a random factor where block was nested within
site. The site-level covariates included in the linear mixed model were MAP, MAT, water availability
index (MAP/potential evapotranspiration), the estimates of N deposition and the legume proportion
of biomass in the control treatments at each site. Because sites were set up in different years, the
number of years of element addition was considered as a site-level covariate, because the element
addition started in different years (redundant in most of the evaluated parameters with no significant
effect). Soil properties summarized in Table S2 (except total organic carbon (TOC), which was highly
correlated with total nitrogen (TN)) were included in the linear mixed model as plot-level covariates.
The interactions between treatment and the plot-level covariates were initially considered in the
model, although after a selection based on Akaike Information Criterion only the interactions
‘treatment x TN’ and ‘treatment x soil pH’ remained in the final model as covariates. When a significant
treatment effect (p < 0.05) was found, LSD post hoc test (p < 0.05) was used for comparison of means

of the element addition treatments.

Additionally, we evaluated how the life cycle of dominating legumes (perennial or annual) at each site
affected legume biomass, legume N concentration, legume 8°N, %Ndfa and symbiotic N, fixation per
area of grassland. A linear mixed model was used with treatment (Ctrl, N, P and NP), life cycle of
dominating legumes (annual or perennial), their interaction and the site- and plot-level covariates as
fixed factors, and block as a random factor nested within site. The model was performed as previously

described.

We calculated the response to nutrient addition of legume biomass, %Ndfa and N, fixation per unit

area as:

Response = Ln ((Ytreatment +1)/ (Ycontrol +1)) (Eq 8):
11
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where Yireatment is the value of legume biomass, %Ndfa or N, fixation per unit area in the N, P or NP
addition treatment and Ycontrol is the mean value of legume biomass, %Ndfa or N; fixation per unit area
in the control. The response was calculated separately for each site. We added 1 to the numerator and

denominator to remove zeros before the logarithmic transformation.

We performed stepwise multiple regression analyses to evaluate the impact of site- and plot-level
covariates on the response of legume biomass, %Ndfa and N; fixation per unit area to nutrient addition.
Stepwise multiple regressions analyses were performed using the site-scale factors (MAP, MAT, water
availability, N deposition and the legume proportion of biomass in the control treatment at each site)
and plot-scale soil properties (TN, carbon-to-nitrogen ratio (C:N ratio), available P, and soil pH).
Collinearity was evaluated based on the variance inflation factor. The multiple regression analyses

were performed separately for the three different element addition treatments (i.e., N, P and NP).

3. Results

3.1. Plant aboveground biomass
On average across sites, N and P addition increased total plant biomass by 32 and 28%, respectively,
compared to the control (Figure 1). The combined addition of N and P increased the total plant biomass
by 72%, from a mean of 3040 kg ha in the control to 5222 kg ha* in the NP treatment. The biomass
of both the grasses and the forbs increased significantly with NP addition (Figure 1) but did not respond

significantly to N or P addition alone.

Legume biomass was highly variable among sites and ranged from 0.1 kg ha® (Potrock, Argentina) to
1082 kg ha! (Bad Lauchstadt, Germany) in the control treatment (Table S4). Compared to the control,
biomass of legumes was reduced by 65% and 45% in the N and NP treatments, respectively, while in
the P treatment was increased by 77% (although this difference was not statistically significant) (Figure
1). Compared to the P treatment, biomass of legumes was significantly reduced by 81% and 69% by N

and NP addition. The percent of legumes in the total biomass was 9.9% in the control, 4.7% in the N,
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12.0% in the P, and 3.3% in the NP treatment (Figure 1). No significant interaction between the
treatments and the life cycle of dominant legumes (annual or perennial) was observed on legume
biomass, although legume biomass was significantly higher in the grasslands dominated by annual than
by perennial legumes (Figure S3A). Similar differences between P and N and NP treatments were

observed in the response ratio to nutrient addition of legume biomass (Figure S4A).

3.2. Nitrogen and phosphorus concentrations in aboveground biomass

The addition of N significantly increased plant N concentrations (Fig. 2A), while the addition of P
significantly increased plant P concentrations (Fig. 2B) in both grasses and forbs compared to the
control. In contrast, legume N concentration was not affected by N addition, whereas legume P
concentration was enhanced by both the P and NP treatments (Figure 2A, B). No significant interaction
between the treatments and the life cycle of dominating legumes (annual or perennial) was observed
in legume N concentration (Figure S3B). The biomass N:P ratio in the control treatment was 8.5 for
grasses, 7.3 for forbs, and 13.9 for legumes (Figure 2C). The N:P ratio of legumes was significantly
reduced by the addition of P (N:P =8.7) and NP (N:P = 7.9) compared to the control and the N treatment

(Figure 2C). Similarly, P addition decreased the N:P ratio of grasses and forbs (Figure 2C).

The legume N stock was significantly higher in the control (0.71 g N m) and P treatment (1.34 gN m"
2) than in the N (0.24 g N m) and NP (0.36 g N m™) treatment (Figure S5A). The P stock of grasses and
forbs was increased by P and NP addition in comparison to the control, while the P stock of legumes

was only increased in the P treatment compared to the control (Figure S5B).

3.3. Plant isotopic composition
We observed a decrease in 8'°N of the reference functional groups (grasses and forbs) in the control
treatment with increasing elevation of the study site (r>=0.301, p=0.024, Figure S2). Therefore, we
adjusted the reference 8°N of all plots and treatments for elevation (see section 2.4). After the

recalculation of the reference 8'°N, the mean of the elevation-adjusted 6*°Nieference Was +0.81%o in the
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control treatment (Table S5). The &%Nieference before and after the elevation-adjustment was
significantly higher in the N and NP treatments than in the control and P treatment (Table S5). The

legume 8N across all sites was unaffected by treatments (Table S5).

3.1. Symbiotic N; fixation per unit legume biomass

The mean %Ndfa in the control treatment was 65.8% across all 17 sites (Figure 3A). No significant
difference in %Ndfa among treatments was found. However, %Ndfa was slightly higher in the P and NP
treatments (69.8 and 70.9%, respectively) than in the control and N treatments (65.8 and 64.2%,
respectively). Similarly, no significant difference was observed in the %Ndfa response to nutrient
addition (Figure S4B). The response of %Ndfa to NP addition was positively related to the proportion
of legumes in the total biomass in the control treatment, initial soil N and water availability index, while
it was negatively related to N deposition (Table 2, Table S6). There were no significant linear regression
models (p > 0.05) for the %Ndfa response to N or P addition. We observed a significantly higher %Ndfa
in the ten sites dominated by perennial legumes (74.0%) compared to the seven sites dominated by
annual legumes (58.0%) (Figure 4). In addition, the interaction between treatment and life cycle of
dominating legumes revealed that the single N addition limited the differences in %Ndfa between

annual and perennial legumes (Figure 4).

Mean N, fixation per unit legume biomass in the control treatment across all 17 study sites was 18.1
mg N gt yrlegume biomass (Figure 3B). No significant difference among treatments in N, fixation per
legume biomass was observed due to the lack of element addition effect on legume N concentration
and %Ndfa. However, N; fixation per unit legume biomass was slightly higher in the NP treatment (20.2

mg N g* legume biomass yr!) than in the other three treatments (Figure 3B).

3.5. Symbiotic N; fixation per unit area grassland
Symbiotic N, fixation per unit area in the control treatment across all 17 study sites was 3.5 kg N ha™

yr'! (Figure 3C). It ranged from 0.002 kg ha? yr! (Potrock, Argentina) to 11.9 kg N ha?yr? (Bad
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Lauchstadt, Germany). Across all sites, N, fixation per area was 1.39 kg N halyr?! in the N treatment
and 2.13 kg N halyr? in the NP treatment. Thus, N fixation was significantly reduced in the N and NP
treatment by 60 and 39%, respectively, compared to the control. Similarly, N, fixation per unit area
was also 63% lower in the N and 43% lower in the NP treatment than in the P treatment (3.71 kg N ha
Lyrt) (Figure 3C). In contrast, P addition had no significant effect on N, fixation per area compared to
the control. The number of years of element addition was a redundant site-level covariate in the linear
mixed model, indicating that the different ages of the sites did not influence the estimation of N,
fixation in the present study. In addition, no significant effect of the life cycle of the dominant legumes
(annual or perennial) on N, fixation per area was observed (Figure S3D). Similarly, the response to N
and NP addition of the N, fixation per unit area was significantly lower than the response to P addition
(Figure S4C). Soil pH, N deposition, MAT and MAP were negatively related with the response of N»
fixation per unit area to N addition (r? = 0.550, p = 0.001, Table 2, Table S6). In addition, the response
of N fixation per unit area to P addition was negatively related with soil N (r* = 0.162, p = 0.009, Table
2, Table S6), while the response of N; fixation per unit area to NP addition was positively related with
soil N, MAT and N deposition (r* = 0.406, p = 0.001, Table 2, Table S6).

The mean N; fixation per unit total biomass in the control treatment was 1.23 mg N gt yr? across all
17 study sites (Figure 3D). The N fixation per total biomass was reduced by 60% under N and 73%
under NP addition compared to the control (Figure 3D). Similarly, N, fixation per total biomass was

lower in the N and NP treatments compared to the P treatment.

4. Discussion

Our results reveal that the addition of N decreased the rate of N; fixation per grassland area compared
to the control, and this effect was not reversed by additional P amendment (Figure 3C). The reduced
N, fixation per area grassland was caused by the reduction in legume biomass, and not by an altered
N, fixation rate per unit legume biomass. Tognetti et al. (2021) recently showed that legume biomass

was negatively affected by N addition in grasslands on several continents. Our study goes further,
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demonstrating that this reduction in legume biomass causes the N, fixation rate per unit area to
decrease from 3.50 kg N halyr? to 1.39 kg N halyr?! due to N addition across all sites. Further, we
found that N; fixation per legume biomass was not significantly affected by N or P addition, which is
an important finding since it suggests that the expression of the enzyme that fixes N; is not

downregulated in legumes in response to high availability of reactive N.

4.1. Symbiotic N, fixation per area decreased by N addition
We found that N addition significantly reduced the rate of symbiotic N; fixation per area of grassland
due to a reduction in legume biomass without effect on the N, fixation per unit legume biomass. The
negative effect of N addition on symbiotic N; fixation is consistent with previous single-site studies
observing a reduction in symbiotic N, fixation by N addition (West et al. 2005; Nyfeler et al. 2011;
Peoples et al. 2012; Burchill et al. 2014; Tzanakakis et al. 2017) and a recent study showing that also
non-symbiotic N, fixation in the soil is decreased by N addition at sites of the Nutrient Network
experiment (Schleuss et al. 2021). Our results suggest that continuous anthropogenic N enrichment of
grasslands can lead to a decrease in legume biomass production, which in the long-term can limit
symbiotic N; fixation. The most plausible explanation for reduced rates of N, fixation per unit area with
N addition is that higher soil N availability allows grasses and forbs to outcompete legumes (via
competition for light) and reduce legume biomass (Suding et al. 2005; Soussana and Tallec 2010;
Tognetti et al. 2021). The size of the response of symbiotic N, fixation per area to N addition was
affected by several abiotic factors. Addition of N reduced N, fixation per area more strongly at sites
with higher soil pH, atmospheric N deposition, MAT, and MAP (Table 2, Table S6). The reasons for this
could be that i) legumes and rhizobium strains from neutral and alkaline sites are less tolerant to soil
acidification caused by urea addition (Hungria and Vargas 2000), and that ii) N addition has a larger
effect at sites where the antrophogenic N input through atmospheric N deposition is already large, and
iii) N, fixation is more sensitive to N addition at sites where the N fixation is not constrained by

temperature or water availability (Houlton et al. 2008; Tognetti et al. 2021).
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In contrast to our second hypothesis, we observed similar rates of symbiotic N, fixation per area of
grassland in the control and P treatment, which can be attributed to a lack of P limitation of N, fixation
in the control treatment as further indicated by the low N:P ratio of legume biomass (13.9) (Glsewell
2004). The reason for the lack of effect to P addition is likely that legumes have evolved very effective
mechanisms to increase their P uptake from different soil P pools such as the release of phosphatases
or organic acids into the rhizosphere (Nuruzzaman et al. 2006). The negative relationship between the
response to P addition of N; fixation per area and soil N (Table 2, Table S6) might indicate that at N-
limited sites, legumes could invest the added P in symbiotic N, fixation to overcome the N limitation

(McKey 1994; Houlton et al. 2008; Soussana and Tallec 2010).

The application of P in combination with N did not counterbalance the negative impact of N addition
on symbiotic N, fixation per area, in contrast to our third hypothesis. Our results indicate that the
negative impact of N addition on symbiotic N, fixation per area is not a result of N-driven P deficiency
because in this case, combined addition of NP would have offset the negative impact of single N
addition. Thus, the addition of P does not seem to be a suitable strategy to enhance symbiotic N,

fixation in a scenario of anthropogenic N enrichment of grasslands.

We observed no significant differences in the symbiotic N, fixation per area between the sites with
annual or perennial legumes, because the higher biomass at sites dominated by annual legumes was
counterbalanced by the higher %Ndfa of the sites dominated by perennials, irrespective of treatment
(Figure 4, Figure S3). This shows that there are no substantial differences in N; fixation on an area basis

between grasslands dominated by annual and perennial grasslands.

Across treatments, we found relatively low symbiotic N, fixation per area grassland (3.4 kg N hatyr?
in the control) compared to other studies (Carlsson and Huss-Danell 2003; Nyfeler et al. 2011; Peoples
et al. 2012; Oberson et al. 2013). The reason for this seems to be our focus on natural and semi-natural
grasslands with natural abundance of legumes (i.e. legumes were not deliberately introduced for the

study), and the inclusion of some sites with low overall biomass production. The rate of N addition
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used in the present study (100 kg N ha? yr?) exceeds any present and even projected atmospheric N
deposition levels (Ackerman et al. 2019). However, considering the common fertilization rates used in
managed grasslands ranging from 20-30 up to 400 kg N halyr! (Oenema et al. 2012; Klaus et al. 2018),
the experimental rate used in our study mimics a realistic situation for many grasslands. The reduction
of symbiotic N, fixation in grasslands by N addition increases the dependence of grassland biomass
productivity on fertilization, which has several economic and environmental drawbacks (Lischer et al.

2014).

4.2. Symbiotic N; fixation per unit legume biomass not affected by element addition
Although relatively high rates of N and P were added, we found no significant response of N, fixation
per unit legume biomass to N, P or NP addition (Figure 3B). We found no significant effect of element
addition on N, fixation per legume biomass due to the lack of element addition effect on legume N
concentration and %Ndfa. Our finding is in disagreement with previous field studies in grasslands
reporting a positive effect of P addition and a negative effect of N addition on %Ndfa (Hggh-Jensen et
al. 2002; Carlsson and Huss-Danell 2003; West et al. 2005; Burchill et al. 2014; Tzanakakis et al. 2017).
The lack of response of N; fixation per unit legume biomass to P addition could indicate that symbiotic
N, fixation was not limited by P in the majority of grasslands included in the present study, as P addition
should increase N; fixation per unit biomass under strong P limitation due to the high ATP requirements
of N; fixation (Almeida et al. 2000; Hggh-Jensen et al. 2002; Edwards et al. 2006). Similarly, the lack of
differences between N and NP addition on N; fixation per unit biomass indicates that N addition did
not induce a P limitation of N, fixation as previously described in pot experiments or tree plantations
(Leidi and Rodriguez-Navarro 2000; Zheng et al. 2016). Otherwise, combined NP would have increased
the N; fixation per unit biomass compared to single N addition. The reason why N addition did not
cause a P limitation of N; fixation is likely that soil P availability is relatively high since the sites are

located in the temperate zone which is dominated by relatively young soils (Figure S1).
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The lack of response of N, fixation per unit biomass to N addition contrasts with previous results
(Carlsson and Huss-Danell 2003) including experiments using urea as N source (Burchill et al. 2014), as
in our study. We speculate that N addition had no significant effect on N, fixation per unit biomass
because grasses and forbs were N limited (as indicated by the low N:P ratio of grasses and forbs in the
control treatment), and their efficient uptake of additional N reduced the availability of added N to
legumes, as described in previous studies (Nyfeler et al. 2011; Peoples et al. 2012; Oberson et al. 2013).
Another explanation might be that most legume species are permanent, rather than facultative N,

fixers and cannot shift their N source in spite of increased soil N availability (Menge et al. 2009).

We observed a higher N; fixation per unit biomass in the grasslands dominated by perennial legumes
compared to the sites dominated by annual legumes. The reason for this could be that perennials can
build up a symbiosis with N; fixation that last for several years, whereas annuals have to establish a
new symbiosis with N; fixing microorganisms every year which makes this symbiosis likely less effective
(Primieri et al. 2022). The differences in N, fixation per unit biomass between annual and perennial
legume sites disappeared in the N treatment (Fig. 4D). This finding suggests that N addition has a very
similar effect on N, fixation per unit biomass irrespective of whether the grassland is dominated by

annual or perennial legumes.

4.3. 6N patterns in plant functional groups

We observed a significant negative correlation between site elevation and the 8°N of the reference
plants (grass and forbs; Figure S2), which suggests low soil 8*°N at high elevations. Similar observations
were described in previous global reviews (Amundson et al. 2003) and in studies about altitudinal
gradients (Vitousek et al. 1989; Jacot et al. 2000; Craine and Lee 2003; Huber et al. 2007; Zhou et al.
2016). The underlying reason is the relationship between elevation and MAT and MAP, two of the main
drivers of plant 6°N as described by Craine et al. (2009) and Zhou et al. (2016). The elevation-
dependent 8N of non-fixer plants (reference plants) likely caused difficulties when applying the >N

natural abundance method to determine symbiotic N, fixation about altitudinal gradients in previous
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studies (Vitousek et al. 1989; Jacot et al. 2000). The unique global design of this study allowed us to
correct this elevation effect on reference plants and to determine symbiotic N, fixation across a large
number of sites on different continents. The relationship between elevation and 5N of grasses and
forbs identified here will likely be of use also in future studies. However, external inputs of °N-depleted
N, such as cattle urine, large inputs of legume-derived N or atmospheric N deposition cannot be
dismissed as another factor affecting §°N of grasses and forbs (Jacot et al. 2000; Hansen and Vinther
2001; Gehring and Vlek 2004). Further details about the elevation adjustment and *N natural

abundance method are presented as Supporting Information.

5. Conclusions

We found that N addition significantly decreased symbiotic N, fixation by legumes per area grassland
across 17 grasslands distributed in four continents, as hypothesised. This was caused exclusively by the
negative effect of N addition on legume biomass, and not by an effect on the N; fixation per unit
biomass. In contrast to our second hypothesis, P addition did not increase the symbiotic N; fixation per
area grassland due to the lack of effect on legume biomass and on N fixation per unit legume biomass.
In addition, the application of P in combination with N did not counterbalance the negative impact of
N addition on symbiotic N; fixation per area. Further, the unique global design of this study allowed us
to derive an equation to correct for the effect of elevation on the isotope signature of N in grasses and
non-fixing forbs which will be useful in future studies. Taken together, our results show that soil N
enrichment by anthropogenic activities significantly reduces N fixation in the world’s grasslands, and
these effects cannot be reversed by additional P amendment. This reduction in symbiotic N, fixation
can ultimately change the ecological functioning of grasslands, affecting their net primary productivity
as well as their above and belowground biodiversity, forage quality and provision of ecosystem

services.
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table 1
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Table 1: Continent, country, region/state, site name, latitude and longitude, elevation, mean annual precipitation (MAP), mean annual temperature (MAT), potential

evapotranspiration (PET), estimated atmospheric nitrogen deposition (Ndep), year of study establishment and seasons of element addition (i.e., seasons from the

establishment to the sample collection) of the 17 NutNet sites included in the study.

Continent Country Region/State Site Latitude  Longitude Elevation MAP MAT PET Ndep Year of Seasons
(°) () (m) (mm)  (°C) (mm) Kg N hal establish. of
element
addition
Africa South Africa KwaZulu-Natal Mt. Gilboa 29.3S 30.3E 1748 867 13.1 1194 5.6 2010 10
Africa South Africa KwaZulu-Natal Ukulinga 29.7S 304 E 843 838 18.1 1393 5.6 2009 7
America Argentina Santa Cruz Potrok Aike 51.0S 70.4 W 150 243 6.3 2923 0.5 2015 2
America Canada Ontario Koffler Reserve 440N 79.5W 301 834 6.4 835 10.0 2010 5
America USA California Hopland REC 39.0N 123.1W 598 939 12.3 1194 2.5 2007 11
America USA Kentucky Spindletop 38.1N 84.5W 271 1166 12.5 1139 10.7 2007 10
America USA Oregon Bunchgrass 443 N 122.0W 1318 2160 5.5 860 3.2 2007 11
America USA Texas Temple 310N 97.3 W 184 870 19.1 1463 7.5 2007 8
Europe Finland Lapland Saana 69.0 N 20.8E 600 400 -3.1 339 35 2014 3
Europe Germany Bavaria Bayreuth 499N 116 E 340 724 8.3 756 14.6 2016 3
Europe Germany Saxony-Anhalt Bad Lauchstadt 514N 119E 51 489 8.9 117 14.8 2015 2
Europe Germany Thuringia Jena 50.9N 115E 320 597 8.0 724 14.6 2013 4
Europe Portugal Ribatejo Companbhia das Lezirias 380N 8.0WwW 200 642 16.5 1220 3.0 2012 4
Europe Switzerland Graubiinden Val Mustair 46.6 N 104 E 2320 950 0.3 442 21.7 2008 7
Europe United Kingdom North West Lancaster 540N 2.6 W 180 1222 8.0 599 10.2 2008 9
Oceania Australia Northern Territory Kidmand Springs 16.1S 131E 87 749 27.3 2046 19 2014 1
Oceania Australia Western Australia Pingelly Paddock 325S 117.0E 338 446 16.2 1427 1.0 2013 2
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table 2 Click here to access/download;table;Table 2.docx %

Table 2: Regression models of the response of legume biomass, the proportion of N derived from atmosphere
(%Ndfa), and symbiotic N2 fixation per unit area to element addition (nitrogen (N), phosphorus (P) and their
combined application (NP)) as a function of site-scale environmental factors (MAP, MAT, water availability (Aw),
N deposition (Ndep) and legume proportion of biomass in the control treatment at each site (prop)) and plot-
scale soil properties (total nitrogen (TN), soil carbon to nitrogen ratio (C:N), available phosphorus (P) and soil pH).

A dash (-) indicates that no significant (p < 0.05) model was found)

Dependent Response to  Regression model r p-value
variable (y)
Response of N addition y=5.792-0.752pH - 0.128 MAT - 0.110Ndep - 2.150TN + 0.006P  0.660 0.001
legume biomass P addition y =2.360 - 6.091TN - 0.082 MAT 0.431 0.001
NP addition ~ y=1.570-6.009TN - 0.111MAT 0.472  0.001
Response of N addition _ _ _
%Ndfa P addition _ _ _
NP addition  y =-0.061 +0.007Prop - 0.027Ndep + 0.449TN + 0.073Aw 0.613  0.001
Response of N, N addition y =3.389 —0.481pH - 0.048Ndep - 0.036 MAT - 0.001 MAP 0.550 0.001
fixation P addition y =0.529 - 2.430TN 0.186  0.009

NP addition ~ y=0.817 - 2.403TN - 0.042MAT - 0.046Ndep 0.406  0.001
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